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Although the effect of aerobic and anaerobic conditions on the growth of micro- 
organisms has often been studied, reports on the influence on virulence and patho- 
genicity are  not  numerous.  Among  the  earlier workers,  Wosnesseuski  (1),  in 
1884,  showed  that  anthrax,  grown  under  a  pressure of  13  atmospheres  of  air, 
slightly increased in virulence for the guinea pig, while a pressure of 15 atmospheres 
caused a  decrease in both growth and virulence.  Friinkel (2), in 1888, in a  com- 
preheusive study of the effect on the growth of many organisms of bubbling carbon 
dioxide through the cultures, reported that tetragenus, fowl cholera, mouse  septi- 
cemia, and anthrax  did not  decrease in virulence in a  6  day period.  In  1890, 
Roux and Yersin (3) found that virulence of aerated diphtheria culture showed no 
decrease as long as incubation was carried out at 35°C.,  but  that incubation at 
39.5  ° was followed by decrease in 2 weeks.  In a study of cholera vibrio, Haffldne 
(4), in 1892,  stated that growth at 3'9  ° in constantly aerated atmosphere caused 
attenuation after 2 or 3 days.  Lubinsld (5), in 1894, found a decrease in virulence 
for rabbits of Staphylococcus aureus grown in atmospheres of pure oxygen, but an 
increase under anaerobic conditions.  Webster (6), in 1925, stated in a dissociation 
study that, whereas under aerobic conditions the virulent D  form of Past. lepisep- 
tica with massive inoculation changed to  the avirulent G  form, under anaerobic 
conditions this dissociation was greatly inhibited.  Soule (7)  on the other hand 
reported, in 1928, that dissociation of B. subtilis from S to R form occurred rapidly 
in from 40 to 60 per cent oxygen, but was inhibited in broth and on agar in the 
presence of 80 to 100 per cent oxygen.  He also showed that dissociation occurred 
very rapidly under pure nitrogen, but that under nitrogen with 6 per cent carbon 
dioxide no dissociation at all occurred.  Wilson (8), in 1930,  showed clearly that 
B. aertrycke under aerobic conditions and partial pressures of oxygen varying from 
1 to 21 per cent decreased in virulence rapidly, but that under oxygen pressures 
from 40 to 100 per cent there was a  slight increase in virulence with a  maximum 
* This is one of a  series of studies carried out in part under  a  grant by the 
Influenza Commission of the Metropolitan Life Insurance Company. 
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in the culture incubated under pure oxygen.  Thus from this very short summary 
of investigations on the influence of aerobic or anaerobic conditions on the virulence 
of microorganisms,  it  would  seem  that  conditions  for the  maintenance  of this 
characteristic  vary with different microorganisms. 
The present study is a  report of investigations on the effect of oxy- 
gen,  nitrogen,  and  carbon dioxide on the  virulence of  pneumococci. 
Inasmuch as growth in an automatic transfer  device was found to be 
more nearly like  that in vivo than  cultivation by ordinary transfer 
methods,  such an apparatus was used in this study. 
The automatic ap~paratus described in an earlier publication  (9) was altered only 
in that the air inlet on the growth receptacle was connected to a gas supply and the 
usual cotton plug in this receptacle was replaced by a rubber stopper (Chart 1). 
The gas was furnished by means of an ordinary laboratory gas bottle arrangement, 
consisting of a bottle filled with water by means of a siphon.  The air inlet to this 
water bottle  was made air-tight  with a  rubber  connection  which  was  in  turn 
clamped  by a  magnetic  release  operated  by  time-clock,  which  simultaneously 
opened the clamps on both the water bottle and the medium inlet.  By release of 
the clamps, sufficient water was siphoned into the gas bottle so that between  20 
and 25 cc. of gas were forced through the fresh supply of medium in the growth 
receptacle.  It was found that the lag in the gas pressure equilibrium, after water 
flowed into the gas bottle,  was sufficient to allow gas to bubble through this fresh 
quantity of medium after the growth  receptacle was filled.  The actual pressure 
of gas  was  not  measured,  but  a  sufficient quantity  was  bubbled  through  the 
growth receptacle  to warrant  the assumption  that  the medium  was practically 
saturated with gas at each interval of transfer.  The outlet of the receptacle was 
sealed by the fluid medium owing to the slightly positive residual pressure in the 
gas bottle.  Consequently the gas pressure remained practically  constant through- 
out the period between  transfers. 
As in previous work, virulence  tests were made by injecting mice with dilutions 
of culture  in logarithmic  series.  The rate of multiplication  was judged by the 
number of organisms found on rabbit blood agar plates of three different dilutions 
from each culture. 
Oxygen, Nitrogen,  and Carbon Dioxide 
This experiment was planned to determine the effect of 100 per cent 
concentrations of oxygen,  carbon dioxide,  and  nitrogen  respectively 
on the  virulence of Type I  pneumococci.  Horse skeletal  muscle in- 
fusion was  chosen  as  medium  for growth,  because,  as  shown  in  the 
previous paper  (10),  it  had  been  found to maintain  virulence under 
aerobic  conditions  in  the  automatic  transfer  device  at  least  over  a C, 
Cm~T  1.  The  automatic transfer device modified to  study the influence of 
various gases on virulence.  Gases were supplied by means of a  gas-water bottle 
arrangement, H  and K.  Bottle H, filled with the desired gas, is connected to the 
growth receptacle and to bottle K  which is filled with water.  The water bottle is 
made air-tight with one tubing to the gas bottle and another open to the air through 
a  magnetic clamp similar to C.  In operation the two clamps are released simul- 
taneously, and air enters water bottle K as water is siphoned into the gas bottle H, 
the gas thus being forced through  the growth receptacle, bubbling through  the 
fresh supply of medium. 
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period of 258 transfers.  Each apparatus used was regulated to replen- 
ish medium and gas every 4  hours.  The virulence was tested three 
times,  namely after 72,  120,  and  162  transfers.  A  summary of the 
results, Table I, shows that the number of organisms averaged highest 
in the culture under nitrogen, and least under oxygen.  Both oxygen 
and carbon dioxide were found after 162 transfers to reduce the patho- 
genicity of the organism to  such degree that  in  the former 400,000 
organisms were required to kill a mouse, and in the latter, 140,000,000 
were  not  enough  to  kill.  Nitrogen,  however,  in  the  same  period 
TABLE  I 
Comparison of Oxygen, Nitrogen,  and Carbon Dioxide 
Horse Skeletal  Muscle  Medium 
4  hour  interval of  transfer 
Gas  No. of transfers  No. of organisms  Minimal  lethal  No. of organisms 
per cc.  dilution  constituting  fatal  dose 
Oxygen 
Nitrogen 
Carbon 
dioxide 
72 
120 
162 
72 
120 
162 
72 
120 
162 
10,000,000 
8,000,000 
40,000,000 
80,000,000 
100,000,000 
90,000,000 
16,000,000 
18,000,000 
140,000,000 
1-1,000,000 
1-100 
1-100 
1-10,000,000 
1-10,000,000 
1-1,000,000 
1-10,000,000 
1-1,000 
1 cc. faUed 
10 
80,000 
400,000 
8 
10 
90 
2 
18,000 
140,000,000 
allowed development of  the organism to  such  degree that  only 90 
organisms proved fatal.  The virulence is thus seen to have remained 
maximum  under  nitrogen,  decreased  gradually  under  oxygen,  and 
dropped precipitately under carbon dioxide. 
In addition to the observations of the effect on virulence, dissocia- 
tion from S to R  forms was very clearly shown.  At no time in the 
culture under nitrogen were there found any R forms; but with culture 
under carbon dioxide, especially toward the end of the experiment, 
there were very few S forms remaining; and with oxygen the dissocia- 
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R  over S  forms.  Transplants from S  and R  forms showed the latter 
to be granular and for the most part insoluble in bile.  However, some 
of these R  forms were found to be virulent for mice.  In an experiment 
in which  three R  and three  S  colonies were picked, plated,  and  then 
picked  again,  whereas  one of the  R  colonies was  found  to  be highly 
virulent and two avirulent,  one of the S colonies was of low virulence 
(1-10,000)  and two were of maximum virulence. 
It would  seem that under  the  conditions  of this experiment,  while 
growth  of  Type  I  pneumococci  under  pure  oxygen  or  pure  carbon 
dioxide  causes  a  decrease  in  virulence  on  a  medium  which  normally 
maintains  this  characteristic,  growth  under  nitrogen  results  in  no 
appreciable  change  in  virulence. 
TABLE II 
Variation in Concentration of Oxygen 
Horse Meat Infusion 
4  hour interval of transfer 
No. of 
No. of  No. of organisms  Minimal  lethal  organisms  Gas mixture  transfers  per cc.  dilution  constituting 
fatal  dose 
Oxygen  --  5per cent 
Nitrogen  -- 95 per cent 
Oxygen  --- I0 per cent 
Nitrogen =  90 per cent 
Oxygen  =  20 per cent 
Nitrogen  -- 80 per cent 
Nitrogen  =  100 per cent 
72 
120 
162 
72 
120 
162 
72 
120 
162 
72 
120 
162 
10,000,000 
18,000,000 
26,000,000 
30,000,000 
44,000,000 
16,000,000 
20,000,000 
40,000,000 
20,000,000 
80,000,000 
100,000,000 
90,000,000 
1-10,000,000 
1-1,000 
1-10 
1-1,000,000 
1-10,000 
1-100 
1-10,000,000 
1-100,000 
1-100,000 
1-10,000,000 
1-10,000,000 
1-1,000,000 
1 
18,000 
2,600,000 
30 
4,400 
160,000 
2 
400 
200 
8 
10 
90 
Variation in  Oxygen-Nitrogen  Mixtures 
In attempting to ascertain the oxygen requirements for maintaining 
virulence,  considerable  difficulty  in  obtaining  consistent  results  was 
encountered.  As  stated  above,  the  virulence  of  this  organism  was 32  STUDIES  ON  VIRULENCE.  V 
maintained on horse skeletal muscle medium under aerobic conditions 
or under nitrogen.  So it seemed likely that the optimum concentra- 
tion of oxygen would be approximately that found in the atmosphere, 
but that perhaps a smaller pressure of oxygen would not be destructive 
of virulence.  However, in  several experiments  it was found that  a 
small amount of oxygen in the presence of nitrogen caused a decrease 
in virulence.  One experiment is given as an example.  The organism 
was grown  on horse meat  infusion  under  mixtures  of respectively, 5 
parts of oxygen with 95 parts nitrogen by volume, 10 with 90, 20 with 
80,  and  finally  100  per  cent  nitrogen.  As  seen  in  Table  II,  under 
pure nitrogen  the virulence remained  at  a  maximum,  and,  with  the 
20  to  80  oxygen-nitrogen  mixture,  was still  high,  but  showed some 
decrease; with the other gas mixtures, however, there was a very pro- 
nounced decrease in virulence.  No higher concentration of oxygen in 
nitrogen has been tried than the 20 to 80 mixture, but it would appear 
from this experiment, and others, that oxygen in higher concentrations 
than 20 to 80 might be destructive of virulence in direct ratio  to the 
oxygen concentration.  This result with pneumococci is directly oppo- 
site to that obtained by Wilson with B. aertrycke.  For Wilson showed 
clearly that not only was the virulence of this organism not decreased 
on pure oxygen, but that in reality it was increased. 
Growth  with  Nitrogen  on  Various  Unfavorable  Media  under  Aerobic 
Conditions 
This  experiment  is  a  study  of  the  influence  on  virulence  of  the 
pneumococcus  grown  under  nitrogen  upon  media  which  caused  a 
decrease in virulence under aerobic conditions.  Certain media under 
aerobic  conditions,  namely  spleen,  beef infusion,  aminoid  peptone, 
and powdered milk,  have been found to support growth but cause a 
decrease  in  virulence.  Because  nitrogen  caused  no  decrease  in 
virulence  on  a  favorable  medium,  these  media  were  tested  under 
nitrogen  in  the  present  experiment.  Horse  meat  infusion  under 
nitrogen  was used as a  control medium.  As seen in Table III,  the 
spleen  medium,  tested  after  42,  78,  and  120  transfers  with  4  hour 
intervals of transfer,  showed a  decrease in virulence of the organism, 
but not so rapid as was reported in the previous aerobic study.  With 
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was maintained throughout 150 transfers, and even after 228 transfers 
the  decrease  was  only  approximately  100-fold.  Results  similar  to 
these  were  obtained  with  aminoid  peptone:  although  there  was  a 
definite  decrease,  the  rate  of decrease  was  not  so rapid  as  in  other 
experiments with this medium under aerobic conditions. 
TABLE III 
Growth in the Presence of Nitrogen on Certain Media  Which Failed to Maintain 
Virulence under  Atmospheric  Conditions 
4 hour interval of transfer 
Media  No. of transfers  No. of organisms  No. of organisms  per cc.  constituting fatal do~ 
Spleen 
Beef infusion 
Aminoid peptone 
Powdered milk 
Horse meat infusion 
(control) 
42 
78 
120 
60 
102 
150 
198 
228 
48 
102 
144 
48 
102 
144 
186 
102 
120 
162 
204 
24,000,000 
12,000,000 
1,000,000 
10,000,000 
20,000,000 
24,000,000 
50,000,000 
10,000,000 
200,000,000 
8,000,000 
3,000,000 
400,000,000 
60,000,000 
80,000,000 
70,000,000 
80,000,000 
100,000,000 
90,000,000 
85,000,000 
24,000 
12,000 
100,000 
10 
2 
24 
50,000 
1,000 
200 
800 
3,000 
40 
6 
800 
700 
8 
l0 
90 
85 
It has been shown that under aerobic conditions fresh milk medium 
supplies conditions or substances requisite for maintenance and even 
increase of the  virulence of certain  strains of pneumococci.  On  the 
other hand, a  solution of commercial powdered milk failed to maintain 
virulence under aerobic conditions, no doubt due to alteration during 34  STUDIES  ON  VIRULENCE.  V 
the process of evaporation similar to the effect of heat on whole fresh 
milk.  For in our second paper on virulence (11),  it was found that 
milk which was heated for various lengths of time became unsuitable 
for maintaining virulence, in direct ratio to the length of time heated; 
that is,  the longer the period of heating, the more rapid the decrease 
in virulence.  However, when powdered milk was used as medium for 
growth of pneumococci under nitrogen, virulence was maintained at 
maximum for at least 120 transfers, with apparently only a  100-fold 
decrease after 186 transfers. 
It is thus seen that, although media unsuitable for maintenance of 
virulence  under  aerobic  conditions  became  more  favorable  under 
nitrogen, at least the degree of anaerobiosis supplied under the con- 
ditions of this experiment did not suffice for maintenance of maximum 
virulence.  Furthermore, other experiments have shown that avirulent 
organisms grown on these media with nitrogen failed to increase in 
virulence. 
Growth with Nitrogen on Guinea Pig, Rabbit, and Immune Mice Media 
It was reported in the previous paper that media made from whole 
guinea pig and from whole rabbit respectively acted differently in their 
influence on virulence of pneumococci grown under aerobic conditions; 
that is, while guinea pig medium maintained virulence, rabbit medium 
failed  in  this  respect.  To  test  the  effect of  anaerobic  conditions, 
media made from these animals, as well as from discarded mice which 
had survived pneumococcus infection, and also from rabbit muscle, 
were used to grow virulent pneumococci under a  pressure of 100 per 
cent nitrogen.  Just  as was found under aerobic conditions,  guinea 
pig medium (Table IV) maintained the virulence to a  higher degree 
than did rabbit.  However, it is apparent that guinea pig medium is 
not as satisfactory with nitrogen as it was found to be in the presence 
of atmospheric oxygen.  Rabbit  muscle, found aerobically unsuited 
for maintenance of virulence, is here shown to yield the same result 
under nitrogen.  The discarded mice medium showed first a decrease 
in virulence similar to that with growth on immune serum; but unlike 
the effect of immune serum, the organisms on this medium later in- 
creased in virulence so that after a period of 246 transfers a very high, 
though not maximum, degree of virulence was attained. LLOYD D.  ~FELTON  35 
Here again it is found that media which under aerobic conditions 
are  unsuitable  for  maintenance  of  virulence  fail  to  improve  under 
nitrogen.  The one exception is perhaps the experiment on discarded 
TABLE IV 
Growth in the Presence of Nitrogen on Guinea Pig, Mouse, and Rabbit Media 
Media 
Guinea pig 
Discard mice 
~abbit (including 
skin) 
~abbit  (without 
skin) 
rabbit muscle 
Transfer  interval 
]~r$° 
4 
No. of  transfers 
42 
90 
120 
186 
246 
42 
90 
120 
186 
246 
36 
84 
180 
240 
36 
84 
180 
240 
36 
78 
126 
174 
204 
I  o. of organisms 
per CO. 
80,000,000 
2,000,000 
300,000,000 
60,000,000 
60,000,000 
120,000,000 
12,000,000 
2,000,000 
4,000,000 
120,000,000 
400,000,000 
60,000,000 
12,000,000 
70,000,000 
330,000,000 
200,000,000 
5,000,000 
60,000,000 
40,000,000 
30,000,000 
20,000,000 
22,000,000 
80,000,000 
No. of organisms 
constituting 
fatal dose 
80,000 
20 
300 
60,000 
60,000 
12,000 
1,200 
200 
400 
1,200 
40 
600 
120,000 
70,000,000 
33 
200 
5,000 
600,000 
40 
300,000 
200,000 
22,000,000 
80,000,000 
mice as medium, in which there was first a  decrease and then an in- 
crease  in  virulence.  This  exception  suggests  a  possible  gradual 
immunizing effect in the microorganism against the antibodies present 
in mice actively immune against pneumococci. 36  STUDIES  ON  VIRULENCE.  V 
Effect of  Temperature 
During this study the mechanism controlling the temperature of 
the incubator room became defective with the result that the tempera- 
ture increased over a period of 2 days to 41°C.  This change in tem- 
perature was not noted until after mice had been injected with the 
cultures from the transfer machines that were operating at that time. 
It was observed that all cultures irrespective of the media had de- 
creased greatly in virulence during the period of higher temperatures. 
Such destructive influence of temperature on virulence has been noted 
by many investigators.  Consequently it is our purpose here simply 
TABLE  V 
Effect of Temperature (Aerobic Conditions) 
4  hour  interval 
Date 
Nov.  3 ......................... 
Nov.  5. 
Nov.  6 ......................... 
Nov.  7 ......................... 
Nov.  8 ......................... 
Nov.  9 ......................... 
Nov. 10 ......................... 
Nov. 11 ......................... 
Nov. 12 ......................... 
Nov. 13 ......................... 
Tempe 
ature 
oC. 
36.5 
37 
37.5 
38 
38.7, 
39.2 
39.5 
41 
42 
42 
triO. 
of 
*  nsfer$ 
6 
18 
24 
30 
36 
42 
48 
54 
60 
66 
No. of organisms 
per cc. 
70,000,000 
20,000,000 
34,000,000 
12,000,000 
10,000,000 
18,000,000 
30,000,000 
20,000,000 
12,000,000 
8,000,000 
Minimal lethal 
dilution 
1-10,000,000 
1-10,000,000 
1-10,000,000 
1-10,000,000 
1-1,000,000 
1-1,000,000 
1-1,000 
1-1,000 
1 cc. 
1 cc. failed 
to present an experiment to show the effect of a gradual increase in 
temperature on the virulence of pneumococci  when transferred at short 
intervals on medium which under aerobic conditions maintains maxi- 
mum virulence at 37.5°C. 
Inasmuch as horse meat infusion was found to maintain virulence 
through a relatively long period, this medium was used for the experi- 
ment.  By four adjustments during each day of a  10 day period, the 
temperature was increased gradually from 36.5°C. on the 1st day to 
42°C.  on the 10th day.  Temperatures were read in the morning of 
each day at the time test samples were removed.  It was found, Table LLOYD D.  ~ELTON  37 
V, that although the number of organisms varied somewhat from day 
to day, there was a  definite decrease  only after the 1st day at 42 °. 
Yet at this high temperature there were as many as 12,000,000  organ- 
isms per cubic centimeter.  Virulence remained maximum up to 38  ° . 
From that time on, however, there was a  rapid decline so that at a 
temperature of 42 °,  1 cc. of culture, containing 12,000,000  organisms, 
was necessary to  cause a  fatal infection in a  mouse.  Subsequently 
this  avirulent organism was passed  repeatedly through mice in  the 
usual manner without any perceptible return to its  former virulent 
state.  It would thus seem that the change which had taken place was 
apparently an example of a complete dissociation from S to R form. 
CONCLUSIONS 
The growth of a  virulent Type I  pneumococcus in  an automatic 
transfer device on a  medium which aerobically maintains virulence 
results in a  decrease in the presence of pure oxygen or pure carbon 
dioxide, but in no change in the presence of nitrogen.  Whereas par- 
tial pressures of oxygen, that  is  5  parts  with 95  parts  nitrogen by 
volume, and 10 parts with 90 parts nitrogen, resulted in a decrease in 
virulence, with 20 parts oxygen and 80 parts nitrogen, the decrease was 
almost  negligible.  Media which under aerobic conditions failed to 
furnish  suitable  constituents  for  maintenance of virulence,  that  is 
spleen, aminoid peptone, powdered milk, beef infusion, whole rabbit, 
and  rabbit  muscle,  also  failed under nitrogen.  Media  from whole 
guinea pig kept the organism virulent for 246 transfers under nitrogen, 
but with some decrease.  Media made from discard mice, survivors 
of pneumococcus infection, furnished conditions under nitrogen, which 
caused first a  decrease of virulence, but later after 246  transfers, a 
restoration to a more virulent state.  Gradual increase in temperature 
over a period of 10 days from 36.5°C. to 42°C. in a sample of medium, 
which  was  otherwise  suitable  for  maintenance  of  virulence  under 
aerobic conditions, resulted in a decrease in virulence. 
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